Abstract In this article, we evaluate and compare results from three integrated assessment models (GCAM, IMAGE, and ReMIND/MAgPIE) regarding the drivers and impacts of bioenergy production on the global land system. The considered model frameworks employ linked energy, economy, climate and land use modules. By the help of these linkages the direct competition of bioenergy with other energy technology options for greenhouse gas (GHG) mitigation, based on economic costs and GHG emissions from bioenergy production, has been taken into account. Our results indicate that dedicated bioenergy crops and biomass residues form a potentially important and cost-effective input into the energy system. At the same time, however, the results differ strongly in terms of deployment rates, feedstock composition and Climatic Change (2014) 123:495-509 DOI 10.1007 This article is part of the Special Issue on "The EMF27 Study on Global Technology and Climate Policy Strategies" edited by John Weyant, Elmar Kriegler, Geoffrey Blanford, Volker Krey, Jae Edmonds, Keywan Riahi, Richard Richels, and Massimo Tavoni. land-use and greenhouse gas implications. The current paper adds to earlier work by specific looking into model differences with respect to the land-use component that could contribute to the noted differences in results, including land cover allocation, land use constraints, energy crop yields, and non-bioenergy land mitigation options modeled. In scenarios without climate change mitigation, bioenergy cropland represents 10-18 % of total cropland by 2100 across the different models, and boosts cropland expansion at the expense of carbon richer ecosystems. Therefore, associated emissions from land-use change and agricultural intensification as a result of bio-energy use range from 14 and 113 Gt CO2-eq cumulatively through 2100. Under climate policy, bioenergy cropland increases to 24-36 % of total cropland by 2100.
Introduction
Fossil fuel combustion, deforestation and other human activities have released large amounts of greenhouse gases into the atmosphere. IPCC's Fourth Assessment has shown that the associated changes in climate may potentially lead to considerable impacts on ecosystems and human societies (Parry et al. 2007 ). Climate change can be reduced through the mitigation of greenhouse gas emissions (Metz et al. 2007 ). Land-based mitigation strategies, especially the use of bioenergy, could have a potentially large role as part of an overall mitigation strategy (Rose et al. 2012) . Biomass can be used to provide energy in many forms including heat, electricity, gaseous, solid and liquid fuels. Recently, bioenergy has received even more attention in combination with carbon dioxide capture and geologic storage (BECCS), which can lead to a net removal of CO 2 from the atmosphere Azar et al. 2010 ). However, large uncertainties exist on deployment levels of bioenergy and the impacts of large scale bioenergy on the land system, including resulting greenhouse gas emissions (e.g. Chum et al. 2011 , Searchinger et al. 2008 .
The explicit modeling and analysis of integrated energy and land use systems is relatively new . Most analyses so far have been single-model studies (e.g. Popp et al. 2011a , van Vuuren et al. 2009 , Wise et al. 2009 ) that do not accommodate a comparison of the various models' land use drivers, assumptions and impacts of large scale bioenergy deployment in a consistent way (Creutzig et al. 2012) . In this paper, we use a multi-model approach, allowing comparison of drivers and results across different models, to assess the impacts of large scale bioenergy crop deployment on land use dynamics, carbon fluxes within the land use system and N2O emissions from fertilizer application in scenarios with and without climate change mitigation. In addition, the interaction of bioenergy with other land use based mitigation options is investigated. The model comparison framework of the Energy Modeling Forum's 27th Study (EMF 27; Kriegler et al. 2013) provides an opportunity to do this consistently, and do so in conjunction with the Rose et al. (2013) study that analyzes the production, use, dependence, and value of bioenergy to climate change mitigation for these and the other EMF-27 models.
Methods
Here, we use a set of comparable scenarios developed using the GCAM (Clarke et al. 2007 ), IMAGE (Bouwman et al. 2006) and REMIND/MAgPIE (Popp et al. 2011a , Klein et al. 2013 ) integrated assessment models (IAMs). All of these models have in common that they contain both a dedicated energy system and land use module that interact with each other. There are clear differences between these models however with respect to the modeling of biogeochemical processes and conditions and socio-economic processes and conditions; and the explicit coverage and detail of links and interactions between these two spheres, and the interaction with other land use based mitigation options.
The remainder of this section introduces the model frameworks with a special focus on their land-use modules and reflects on their advantages and limitations. More detailed descriptions of the landuse modules and models can be found in the Supporting Online Material (SOM).
Overview on integrated modeling frameworks
Here, we give an overview on the three integrated assessment frameworks and describe how the respective land-use modules interact with the energy and economy modules (see also Table 1 ).
The GCAM integrated assessment model links modules of the economy, the energy system, the agriculture and land-use system, and the climate. The agriculture and land-use component (Wise and Calvin 2011; Kyle et al. 2011 ) determines supply, demand, and prices for crop, animal and forestry production and bioenergy based on expected profitability. In doing so, the model determines land allocation across these categories, as well as pastureland, grassland, shrubland, and non-commercial forestland. The agriculture and land-use component of GCAM is fully-coupled with the energy, economic, and climate modules within GCAM; that is, all four components are solved simultaneously. In the version of GCAM used in the EMF27 study, bioenergy provides the linkage between the agriculture and land-use component and the energy component, with bioenergy produced by the land system and consumed by the energy system. The agriculture and land component is coupled to the economy through bioenergy and carbon prices. Carbon prices are imposed iteratively until the prescribed climate target is reached. The carbon prices influence the cost of fossil fuel energy technologies, and the profitability of land cover options. In particular, GCAM assumes the carbon price is applied to carbon stocks held in the terrestrial system, incentivizing land owners to increase these stocks. As a result, strong incentives exist to expand carbon stocks under a climate policy, resulting in significant afforestation. The agriculture and land-use component is connected to the climate through emissions (CO 2 and non-CO 2 ), which are produced by the land system and passed into the climate system to calculate concentrations, radiative forcings, and other climate indicators.
The IMAGE framework (Bouwman et al. 2006 ) describes various global environmental change issues using a set of linked submodels describing the energy system, the agricultural economy and land use, natural vegetation and the climate system. The use of bioenergy plays a role in several components of the IMAGE system. First, the potential for bioenergy is determined using the land use model, which takes into account several sustainability criteria: the exclusion of forests areas, agricultural areas and nature reserves (see van Vuuren et al. 2009 ). To model the potential production of bioenergy (and food crops), an adapted version of the Agricultural Ecological Zones (AEZ) model is used that determines yields as a function of land and climate conditions and assumed changes in technology on a grid cell basis (0.5 degree). Based on these spatially explicit attainable yields, and other suitability considerations, land use is allocated. The information on potential yields, associated costs and potential greenhouse gas emissions is translated into bioenergy supply curves for the energy submodel of IMAGE. In the energy submodel, the demand for bioenergy is assessed by describing the cost-based competition of bioenergy versus other energy carriers (mostly in the transport, electricity production, industry and the residential sectors). Climate policy can be represented by introducing a carbon price that taxes fossil fuels, but also the greenhouse gas emissions associated with the production of biomass and its conversion into bioenergy. The resulting demand for bioenergy crops as output from the energy system is subsequently combined with the demand for other agricultural products as input for the land- (Popp et al. 2011a , Klein et al. 2013 ) provides a consistent system for the evaluation of bioenergy potentials and conflicts between economic development, food and bioenergy demand in different world regions. It consists of two components: ReMIND (Leimbach et al. 2010) and MAgPIE (Lotze-Campen et al. 2008 , Popp et al. 2010 . The multi-regional integrated assessment model, ReMIND, represents the energy-economy-climate system and covers a wide range of bioenergy and competing conversion technologies. The MAgPIE model consists of a global dynamic vegetation, land use and water balance model. To ensure a consistent application of these models, the land-use sector in ReMIND is represented by an emulation of MAgPIE. To create the emulation, MAgPIE was run to derive region specific response curves for bioenergy production costs, GHG emissions from land use and land use change and marginal abatement cost curves (MACs) for mitigation from avoided deforestation. Spatially explicit (0.5 degree resolution) agricultural yields, carbon contents and water fluxes in MAgPIE come from the vegetation and hydrology model LPJmL (Bondeau et al. 2007 ). The underlying dynamics of and implications for the land use sector due to bioenergy deployment can be evaluated in MAgPIE using the bioenergy demand and GHG prices for mitigation in the land use sector from ReMIND to MAgPIE for each scenario. ReMIND assumes an upper annual limit of 300 EJ per year for second-generation biomass use (Klein et al. 2013 ). This assumption is consistent with the upper end of potential 2050 deployment levels identified in the Intergovernmental Panel on Climate Change's Special Report on Renewable Energy Sources and Climate Change Mitigation (Chum et al. 2011 ).
Comparison of land use modules
Important details of the land use modules differ (see Table 1 for an overview). A brief comparison is given here. More detailed descriptions of each model's land modeling can be found in the SOM.
First, the models describe economic decisions associated with bioenergy supply in different ways. In MAgPIE, land use decisions at the 0.5×0.5 degree grid are based on minimizing production costs. In GCAM, land is allocated to 151 biophysical regions based on profit-maximization. Finally, in IMAGE, food production is determined first by a macroeconomic description, and subsequent decisions on regional bioenergy production are based on cost minimization. The final allocation of land-use at the 0.5×0.5 degree grid within a region follows a rule-based land mechanism that accounts for crop productivity and other suitability factors, such as proximity to existing agricultural land and water bodies.
The models have fairly similar land type categories, but treat land pools differently. In GCAM and MAgPIE, urban land is considered to be static, while in IMAGE, a relationship with population density is used. In GCAM and IMAGE, pasture area is driven by demand for animal products, but it is constant in MAgPIE.
The models differ in terms of geographic resolution at which differences in land quality and climatic conditions are taken into account for biophysical data inputs such as agricultural production, water availability for irrigation or carbon content of natural vegetation and agricultural crops. IMAGE considers this information at the level of 0.5 degree grid cells. In this application of MAgPIE, 0.5 degree data is aggregated to 200 clusters, whereas GCAM functions on the level of 151 regions.
Agricultural yields in all models are assumed to change over time. Yield increases due to technological change are either considered mostly exogenously (GCAM and IMAGE) or treated endogenously (MAgPIE). In addition, in IMAGE, agricultural yields as well as carbon content of crops and natural vegetation are affected by climatic change. All models consider carbon fluxes of vegetation and soils and greenhouse gas emissions from agricultural management. In all models, carbon emissions from land use change occur if the carbon content of the previous land use activity exceeds the carbon content of the new land-use activity. Carbon uptake occurs if a more carbon-rich ecosystem replaces a less carbon-rich one. IMAGE assumes regrowth of natural vegetation and associated CO2 uptake on abandoned land. Land use based mitigation in the models is driven by GHG prices in the mitigation scenarios. However, the models produce different GHG price trajectories for a given policy (see Rose et al. 2013 ) for discussion of GHG prices and other cost metrics).
There are differences in the land use based mitigation options available in the models. All models include production of dedicated bioenergy crops for deployment in the energy sector and mitigation of non-CO2 GHGs from agricultural production. However, the current IMAGE scenarios do not consider avoided deforestation, and afforestation/reforestation is only taken into account by GCAM. Importantly, the models differ in their assumptions on availability of land and water resources for dedicated bioenergy crops. In GCAM and MAgPIE, bioenergy crops will be allocated based on suitability of soil and climatic conditions and the competition with land needed for the production of other agricultural goods. In GCAM, all land is available. In MAgPIE, however, managed forests and pasture land are static and cannot be used for bioenergy production. Also, nature conservation areas are not available for cropland expansion. In contrast, IMAGE allows bioenergy crops only to be grown on land other than that required for food production, forests, nature conservation and urban areas (representing successful implementation of sustainability criteria). While all models consider irrigation for food crops, IMAGE, unlike GCAM and ReMIND/MAgPIE, assumes irrigation is unavailable for bioenergy crops, again due to sustainability considerations. GCAM includes both irrigated and rainfed croplands but only implicitly, that is, they are not distinct technology choices. The greatest flexibility for irrigation is in ReMIND/ MAgPIE, which can shift production from irrigated to rainfed in response to economic or climatic drivers for all types of crop production.
Scenarios
In this paper we utilize five scenarios-one baseline and two stabilization scenarios from the EMF27 exercise , and two no bioenergy diagnostic reference scenarios (without and with climate policy). All three of the EMF27 scenarios include a full portfolio of mitigation technologies. The first scenario does not include climate change mitigation (Base FullTech), the second scenario limits the GHG (CO 2 equivalent) concentration in the atmosphere to 550 ppm in 2100 (550 FullTech), and the third scenario limits the GHG concentration to 450 ppm in 2100 (450 FullTech). The 'reference scenarios' are no bioenergy variants of Base FullTech and 450 FullTech. The reference scenarios represent a hypothetical future without bioenergy production but their input assumptions are identical to the corresponding scenarios otherwise. They serve as a point of reference for the assessment of land use, vegetation and soil carbon fluxes, and nitrous oxide emissions implications from bioenergy crops and other land use based mitigation measures. The models have not been harmonized in their socio-economic conditions that drive emissions, food, feed and energy demand (see Figure SI1 and SI1 in the SOM for projected global food demands).
Results

Bioenergy deployment
All models indicate that bioenergy deployment in the energy system increases over time in the baseline (Base FullTech) and climate policy scenarios (Fig. 1) . By 2050, regional biofuel consumption is as much as 10 %, 45 %, and 70 % of liquid fuel consumption across regions in GCAM, IMAGE, and REMIND respectively, while regional bioelectricity consumption is as much as 10 %, 25 %, and 20 % of electricity consumption across regions in the three models Fig. 1 Global deployment of bioenergy feedstocks. Brown bars represent 1st generation bioenergy crops (such as maize, rapeseed or oilpalm), orange bars 2nd generation cellulosic bioenergy crops (such as poplar or Miscanthus) and green bars feedstock coming from residues. Traditional biomass is not included in this figure respectively . Deployment grows with the stringency of the climate target. However, the levels and make-up of bioenergy deployment varies substantially across models. There is no single reason for the differences. The results derive from each models combination of plausible assumptions regarding, for instance, economic growth, available technologies, intensities (relationships between variables) and model structure. In GCAM and IMAGE, deployment increases steadily over time. In ReMIND/MAgPIE deployment levels remain constant in the first half of the century and then increase rapidly in the second half. In 2050, in the Base FullTech scenario, total global deployment levels range from 48-85 EJ/year (48 EJ in IMAGE, 53 EJ in ReMIND/MAgPIE and 85 EJ in GCAM) and increase to 109-231 EJ/year in 2100 (109, 231, and 138 EJ respectively). In the 450 FullTech scenario, 2050 global deployment levels increase to 129-228 EJ/year (142, 228, and 129 EJ respectively), with 2100 deployment of 255-324 EJ/year (255, 296, and 324 EJ respectively). Except of slightly higher deployment levels in 2100 in ReMIND/MAgPIE in the Base FullTech and in GCAM in the 450 FullTech scenario, deployment levels reported by the IAM models considered in this paper are in the range of the other 12 models applied in EMF27 that report 9-130 EJ/year in 2050 and 68-168 EJ/year in 2100 for the Base FullTech scenario and 94-207 EJ/year in 2050 and 205-300 EJ/year in 2100 for the 450 FullTech scenario (see Rose et al. 2013) . Not only the time path and level of bioenergy deployment differs across the 3 models but also the share of different biomass resources deployed. In IMAGE and ReMIND/MAgPIE, cellulosic bioenergy crops and residues are used as primary energy carriers. In GCAM 1st generation bioenergy crops are also used. In the Base FullTech scenario, GCAM deploys a considerable share of 1st generation bioenergy crops, but in the 450 FullTech scenario, this decreases. BECCS energy technologies play an important role in the three models. By mid-century, BECCS energy technologies dominate global bioenergy-67 %, 50 %, and 99 % of primary energy in GCAM, IMAGE, and REMIND. By end-of-century, BECCS represents almost all bioenergy-97 %, 86 %, and 100 % respectively ). See Rose et al. (2013) for additional analysis of global bioenergy deployment for these and other models. Dedicated energy crops are of particular importance to land use dynamics, which is discussed next.
Land use dynamics
In the main text we present global land cover change results; however, in the SOM, we also provide results for five aggregate regions: OECD90 countries (OECD), reforming economies of Eastern Europe and the Former Soviet Union (REF), countries of the Middle East and Africa (MAF), countries of Latin America and the Caribbean (LAM), and Asian countries (ASIA) excluding countries already represented (Middle East, Japan and Former Soviet Union states). The discussion below considers both the global and regional results.
We begin by discussing the base year. The initial allocation of land defines production and conversion opportunities for a model. Table SI1 indicates that the models have similar total land cover, but notably differ in their allocation in 2005. In GCAM and IMAGE, for instance, forest and other land dominate. Yet GCAM has 500 million more hectares (ha) of forests and 500 million less ha of cropland than IMAGE. Global pasture area in both models is similar. In contrast, global pasture area is most prominent in ReMIND/MAgPIE at the expense of 'other land' primarily, but also forest. ReMIND/MAgPIE has approximately 1.5 billion more hectares of pasture than the other models. Regionally, all models indicate that most pasture area but also other land can be found in MAF, forest area dominates in LAM, OECD and REF, and most cropland appears in ASIA and OECD (See Fig SI1) . In general, dissimilarities in the base year across the models is caused by implementation of different land use data sources and categorizations, and use of different methodologies and definitions (e.g., pasture) in deriving the land use data sets (e.g. Ramankutty et al. 2008 ). For example, in contrast to IMAGE and ReMIND/MAgPIE where fallow cropland is accounted in the category of cropland, fallow cropland in GCAM is reported as other land, wherefore cropland in GCAM shows much lower numbers. The land cover allocation differences, along with differences in model structure, likely affect results. For instance, smaller cropland or forest area can imply higher productivity, larger land rents, as well as GHG intensity per hectare, while conversion constraints will have a greater impact the larger the land cover allocation (e.g., IMAGE's use of abandoned agricultural land and natural grass land, ReMIND/MAgPIE's fixing of pasture land). Figure 2 shows that the models project very different global land cover conversion futures. In the baseline (Base FullTech), total cropland increases by 330 million ha by 2100 in GCAM (approximately the country area of India), compared to 530 million ha in ReMIND/MAgPIE, and a decrease of 180 million ha in IMAGE. IMAGE's result is driven by ongoing yield increases and a stabilizing global population in the second half of the century. Regionally, ReMIND/MAgPIE and GCAM project increases in cropland in all regions until 2100 with the highest increases in ReMIND/MAgPIE in LAM and in GCAM in ASIA (Fig SI1) . Land use changes to 2030 and 2050 are also provided in the SOM. Globally, by 2100, energy crops represent 18 % of total cropland (non-energy and energy crop) in GCAM and ReMIND/ MAgPIE and 10 % in IMAGE. In GCAM and ReMIND/MAgPIE bioenergy cropland is most prominent in ASIA and OECD in 2100. In addition, ReMIND/MAgPIE reports also high bioenergy cropland in LAM. In IMAGE bioenergy cropland is most prominent in REF. Total Cropland expansion happens mainly at the expense of 'other land' and pasture in GCAM, and forest and other land in ReMIND/MAgPIE. In IMAGE, forest area increases substantial as cropland and other land contract and natural vegetation regrowth occurs. The baseline contraction of cropland in IMAGE frees up land for energy crops.
In the mitigation scenarios, bioenergy cropland expands significantly. Forests do as well, though for ReMIND/MAgPIE it appears as reduced forest loss (relative to the baseline). Non-energy cropland, other land and pasture are all affected, but to substantially different degrees across models. In IMAGE, total cropland (non-energy and energy) is 23 % (550 FullTech) and 28 % (450 FullTech) higher than in the Base FullTech scenario in 2100. The main driver is bioenergy cropland that covers 26 % (550 FullTech) and 30 % (450 FullTech) of total cropland. In ReMIND/MAgPIE, non-energy cropland switches from expansion in the baseline to contraction in the mitigation scenarios, however there is very little difference in conversion levels and patterns between the mitigation scenarios. Here, the share of bioenergy cropland in total cropland increases to 24 % in 550 FullTech and 450 FullTech. In GCAM, total cropland expands at the cost of pasture and other land in both mitigation scenarios. Again, the main driver is bioenergy cropland, which uses 36 % of total cropland. In all models, bioenergy cropland increases strongly in ASIA, OECD, and REF by 2100 in the 450 FullTech scenario (Fig SI1) .
Global forest dynamics differ strongly across the different models in the 550 FullTech & 450 FullTech scenarios. In IMAGE, forest cover is globally 12 % lower compared to the Base FullTech scenario in 2100 as abandoned land is used for bioenergy crops, instead of regrown forests (450 FullTech scenario). Due to avoided deforestation, forest cover remains almost constant in ReMIND/MAgPIE in 550 FullTech & 450 FullTech. In GCAM, global forest cover even increases by 20 % until 2100 in the 550 FullTech & 450 FullTech scenarios due to afforestation and avoided deforestation, especially in MAF, REF and LAM. Overall, the land conversions reflect structural features of the models. Bioenergy land expansion is primarily cropland and other land in ReMIND/MAgPIE due to pasture constraints and avoided deforestation, while it is reduced cropland contraction and natural forest regrowth in IMAGE. In GCAM, it is reductions in other and pasture land.
Bioenergy yields
Current and projected future yields of bioenergy crops are important determinants for bioenergy potentials. The models consider different types of bioenergy crops, different types of management, different rates of future technological change and impacts of climatic change, as such a detailed analysis of agricultural yields is complicated. Instead, we focus on the overall simulated global energy yield (global bioenergy crop production divided by global bioenergy crop area) and its development over time for the scenario with most ambitious climate change mitigation (450 FullTech). Figure 3 shows that energy crop yields differ strongly across the models. In 2030, the highest yields of 491 GJ ha −1 year −1 are reported from ReMIND/MAgPIE. This is consistent with the fact that the model only considers cellulosic bioenergy crops and a large share is irrigated as the model shifts production from rainfed to irrigated for all types of crop production to minimize agricultural production costs. In GCAM, in 2030, lower yields of 273 GJ ha −1 year −1 result due to different assumptions about future management practices (e.g. irrigation). The lowest yields in 2030 are found in IMAGE (162 GJ ha
). IMAGE only considers rain-fed woody crops and constrains bioenergy crops to marginal and abandoned land. Acreage required for food production, forests, and nature conservation is off limits. In all models, yields increase over time-by a factor of 1.6 from 2030 to 2100 in IMAGE, 1.2 in GCAM, and 1.1 in ReMIND/ MAgPIE. These yield results are comparable with the wide range reported in the literature (see Lewandowski et al. 2000 , Fischer et al. 2005 , Beringer et al. 2011 , Hong et al. 2011 where energy yield values range from 564 GJ ha −1 year −1 with irrigation and nitrogen supply to 291 GJ ha −1 year −1 without N supply and irrigation (e.g. Ercoli et al. 1999 ).
3.4 Greenhouse gas fluxes Figure 4 presents the net land related greenhouse gas implications of bioenergy and other land use based mitigation measures-without and with climate policy. Shown are differences between the bioenergy scenarios (Base FullTech and 450 FullTech) and their respective no bioenergy reference scenarios (see Figure SI1 and SI1 for GHG emissions in the no bioenergy reference scenarios for Base FullTech and 450 FullTec respectively). Comparing to a scenario without bioenergy provides a diagnostic that isolates the emissions implications of bioenergy. In Fig. 4 we see very different emissions responses to bioenergy crops. In the Base FullTech comparison to reference, emissions of CO2 from land-use change and N2O are revealed for all models, with CO2 emissions dominating. However, the differences in the pattern of fluxes are stark. GCAM shows large initial CO2 emissions of 63 Gt CO2-equ cumulatively in the period 2005-2050 associated with early land conversion that declines with time as land conversion slows down (only 89 Gt CO2-equ cumulatively from 2005 to 2100). In contrast, dedicated bioenergy feedstocks aren't deployed in the ReMIND/MAgPIE baseline until the second half of the century, at which point increasing deployment produces increasing land- . IMAGE has more modest bioenergy crop levels and also more modest CO2 emissions (10 Gt CO2-equ from 2005 to 2100) that occur as bioenergy crops prevent regrowth of natural vegetation on abandoned land and associated carbon uptake. N2O emissions, from the application of fertilizers for non-energy and energy crop production, increase over time with bioenergy deployment and are highest cumulatively for GCAM (24 Gt CO2-equ), followed by ReMIND/MAgPIE (9 Gt CO2-equ) and IMAGE (3 Gt CO2-e) from 2005 to 2100.
In the 450 FullTech comparison to reference, dedicated bioenergy deployment levels are much higher than in the baseline comparison. In IMAGE, the higher production of bioenergy crops reduces terrestrial carbon uptake by displacing regrowth of natural vegetation on abandoned land. On the other hand, ReMIND/MAgPIE reaches up to 250 EJ per year from energy crops; however, avoided deforestation prevents CO2 emissions from land-use change by restricting cropland expansion. In GCAM, a completely different dynamic plays out. It appears GCAM is releasing huge quantities of terrestrial carbon. However, the actual story is quite different. More afforestation is used for carbon sequestration in the land use sector when the energy system does not have the option to use bioenergy. Therefore, more carbon is stored in forests in the 450 FullTech reference scenario compared to the 450 FullTech scenario with bioenergy. Figure 4 shows the afforestation carbon opportunity cost of bioenergy. When bioenergy is available, GCAM chooses bioenergy, BECCS in particular, over additional afforestation for mitigation (176 GtCO 2 -equ from 2005-2100 of additional afforestation). While the land-use CO2 emissions stories vary widely, the models all project increases in land-use N2O emissions with bioenergy. However, it is important to note, as shown in Rose et al. (2013) , that the integrated perspective of these models finds that, despite increased land use CO 2 and N 2 O emissions, bioenergy can still be a cost-effective climate stabilization strategy over the long-run.
Conclusion
The land use sector could contribute significantly to climate change mitigation, for instance in the form of producing bioenergy , van Vuuren et al. 2009 Popp et al. 2011a ) but also by afforestation/reforestation and avoiding deforestation (Wise et al. 2009 , Rose et al. 2012 . However, especially large-scale bioenergy crop production is seen to increase the competition for land, water, and other inputs, affecting land use dynamics and leading to deforestation, emissions from land use change and agricultural intensification. (e.g. Searchinger et al. 2008 , 2011a , Wise et al. 2009 ).
We apply and compare three structurally different integrated assessment models (GCAM, IMAGE and ReMIND/MAgPIE) to explore drivers and impacts of bioenergy production on the global land system as well as the interaction with other land use based mitigation options.
The three models differ strongly in their assumptions and definitions of land cover distribution in 2005 and the availability of biomass resources for deployment in the energy system. They also include different sets of other land use based mitigation options (such as avoided deforestation and afforestation) that interact with bioenergy.
We find that different choices of bioenergy feedstocks (1st vs. 2nd generation but also woody vs. herbaceous cellulosic), land use restrictions and current as well as future management (such as irrigation vs. rainfed) for bioenergy production significantly affect simulated bioenergy crop energy yields, with results ranging from 162-491 GJ ha −1 year −1 in 2030. Despite the dissimilarities, a number of robust findings emerge. In baseline scenarios without climate change mitigation, bioenergy cropland represents 10-18 % of total cropland by 2100 and leads to cropland expansion, mainly at the expense of carbon richer ecosystems. Global CO2 emissions from land-use change range from 11 and 89 Gt CO2-equ cumulatively through 2100. The lowest emissions occur in IMAGE as bioenergy crops can only be grown on marginal and abandoned land, excluding carbon rich ecosystems such as forests. If also agricultural N2O emissions are considered, global co-emissions from baseline bioenergy production range from 14 to 113 Gt CO2-equ cumulatively through 2100. Disparities in these results derive from each models combination of plausible assumptions regarding, for instance, agricultural yields, economic growth, available technologies, intensities (relationships between variables) and model structure.
In all models, dedicated bioenergy crops are seen as an important and cost-effective component of the energy system, especially in the scenario with the most ambitious climate stabilization targets (150-230 EJ/year in 2100). However, bioenergy interacts and competes with other land use based mitigation options. In general, bioenergy production leads to N2O emissions from fertilization but improved agricultural management (such as precision farming) increases the efficiency of nitrogen application and therefore reduces agricultural N2O emissions from both crop and bioenergy crop production (see also Popp et al. 2011b ). The models also indicate that other land-demanding climate change mitigation measures (afforestation and avoiding deforestation) are cost-effective and prominent in scenarios with climate change mitigation. Simulations with ReMIND/MAgPIE show that avoiding deforestation, by pricing carbon emissions from land-use change, reduces forest loss in Latin America, Asia and Africa and hence co-emissions from bioenergy production. In addition to avoided deforestation and large scale bioenergy production, strong incentives exist under a climate policy to expand carbon stocks on land by afforestation in the GCAM simulations at the cost of pasture and other land. Overall, land demanding mitigation measures dominate land-use dynamics and enhance the competition for land and water by either restricting land availability for agricultural expansion (avoided deforestation) or spreading directly into agricultural land dedicated for food and feed production (bioenergy and afforestation). This analysis focused on potential bioenergy land use and GHG implications within climate management scenarios. However, other social dimensions will also be important and affect bioenergy's appeal and social acceptance, e.g., food prices, biodiversity and nature conservation and water security.
Basic biophysical (such as agricultural yields), techno-economic (such as conversion efficiencies in the energy system) and socio-economic conditions (such as food demand or trade of agricultural goods) strongly influence land-use outcomes and resulting bioenergy production as well as impacts. Therefore, it will be of key importance to reduce uncertainty in the outcomes and to improve our understanding of how bioenergy and other land use based mitigation perform and interact under different sets of techno-economic and socioeconomic settings. Further research to address the issue of land use based climate change mitigation in general and specifically the issue of bioenergy will be crucial to inform decision-makers about robust strategies towards a more environmental-friendly future.
